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Abstract 
This article provides evidence that refreshing, a hypothetical attention-based process 
operating in working memory (WM), improves the accessibility of visual representations for 
recall. “Thinking of” one of several concurrently active representations is assumed to refresh 
its trace in working memory (WM), protecting it from forgetting. The link between refreshing 
and WM performance, however, has only been tenuously supported by empirical evidence. 
Here, we controlled which and how often individual items were refreshed in a color 
reconstruction task by presenting cues prompting participants to think of specific WM items 
during the retention interval. We show that the frequency with which an item is refreshed 
improves recall of this item from visual WM. Our study establishes a role of refreshing on 
recall from visual WM and provides a new method for studying the impact of refreshing on 
the amount of information we can keep accessible for ongoing cognition. 
 
Keywords: attention; refreshing; working memory; short-term memory 
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Introduction 
In most quotidian situations we have to maintain information in mind (e.g., our 
schedule) to efficiently perform an ongoing task (arrange new appointments). Working 
memory (WM) is the system holding information accessible for on-going cognitive activity. 
How well information is maintained in WM impacts our ability to perform complex task 
requiring multiples steps or multiple pieces of information 
1–3
.  
Many theories of WM include the assumption that maintenance of information in WM 
is accomplished through rehearsal. Whereas verbal information can be maintained by covert 
articulation (articulatory rehearsal) 
4,5
, it has been claimed that other types of information are 
maintained through a general, domain-free rehearsal process relying on attention, called 
refreshing 
6–9
. Refreshing is defined as the act of turning one's focus of attention to a 
representation, thereby augmenting its accessibility in WM 
10
.  
Here, we test the conjecture that refreshing improves the accessibility of 
representations in WM. First, we review the findings used to link refreshing to WM, 
demonstrating that the evidence for this relationship is, at best, indirect. Next, we present the 
results of experiments in which we controlled which and how often items were refreshed in 
visual WM to demonstrate that recall depends on the frequency with which WM contents are 
refreshed.  
Linking Refreshing to WM Performance 
Evidence linking refreshing to WM comes primarily from three sources: (1) 
Manipulations assumed to prevent refreshing; (2) instructions to engage in refreshing; and (3) 
benefits of guiding attention by cues.  
Preventing Refreshing  
A commonly held view is that attention is a limited resource. Therefore, in order to 
refresh memory traces, attention cannot be simultaneously engaged in other processing 
6
. 
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Consequently, refreshing would be prevented if responding to an attention-demanding 
distractor task is required during the retention interval (RI) of a WM task. Increasing the time 
spent performing such tasks reduces the free time available for refreshing. The ratio of time 
spent performing distractor tasks over the total RI is referred to as the cognitive load. 
Numerous experiments have shown that as cognitive load increases, WM performance 
decreases 
11–13
. Although this effect is consistent with a role of refreshing, it is equally 
consistent with any other hypothetical process that improves memory during a free-time 
interval. For example, it has been proposed that free time is used to remove distractor 
information from WM, thereby reducing interference between relevant (e.g., memoranda) and 
irrelevant information (e.g., distractors). This mechanism has been implemented in a 
computational model which  reproduces the effect of cognitive load on memory that has 
served as a basis for assuming a role of refreshing in preventing forgetting 
14
. Given the fact 
that refreshing is only one of several possible mechanisms that could be invoked to account 
for the benefit of increasing free time (i.e., reducing cognitive load), it is important to seek for 
direct evidence that refreshing contributes to WM performance.  
Instructions to Engage in Refreshing 
The first and most compelling evidence for refreshing as a distinct mental operation 
comes from experiments instructing participants to "think of" a memory item: One item is 
indicated as the “think-of” target, and participants are asked to foreground it in relation to 
other WM contents 
7
. Refreshing one category of items (e.g., scenes over faces) increases 
brain activity in category-selective areas for the refreshed items and decreases it for non-
refreshed items 
15,16
. Moreover, refreshing-related brain-activity is distinguishable from 
activity associated with perceiving the item again 
17
, and from using articulatory rehearsal to 
maintain it 
10
. In long-term retention tests, refreshed items were better remembered than items 
presented again for re-reading 
18,19
. However, in all behavioral studies the instruction to 
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“think-of” was accompanied by the instruction to recall the refreshed item aloud, so that 
refreshing was confounded with recall. The improved long-term memory for the refreshed 
item therefore could be an instance of the testing effect 
20
. Moreover, no study so far has 
investigated the effect of “think-of” instructions on WM tests.  
General refreshing instructions ("think of the list items") have also been compared to 
rehearsal instructions ("repeat the list silently to yourself"); and the findings indicate that 
refreshing (as opposed to rehearsal) reduces participants’ reliance on phonological 
representations 
21–23
. These studies, however, do not show that refreshing improves WM.  
Cueing Benefits 
Attention can be guided to one WM item by presenting a retrospective cue during the 
RI 
24
. Access to the retro-cued item is faster and more accurate compared to trials without 
retro-cues 
25–34
. This benefit is consistent with a role of refreshing: focused items are better 
retrieved from WM than non-focused items. At the same time, the retro-cue benefit is not 
compelling evidence for a role of refreshing because it is open to many explanations, not all 
of which are compatible with the notion of refreshing.  
Usually, retro-cues indicate with a high validity (70-100%) the to-be tested item; and, 
by implication, which representations are less relevant (or entirely irrelevant) and could be 
discarded from WM. The retro-cue benefit therefore could come about because people 
remove non-cued items from WM to reduce memory load. There is evidence that removal 
contributes to the retro-cue benefit 
34,35
. Other proposed explanations of the retro-cue benefit 
include the assumption that a cued item is prioritized for comparison to a test stimulus 
29
 or 
that the cued item is protected from interference arising from test stimuli  
27–29,36,37
. None of 
these mechanisms would accomplish what refreshing is assumed to do, namely to increase the 
memory strength of each refreshed item, and to do so potentially for all items in WM.  
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There is initial evidence that retro-cued items are strengthened in WM: When 
participants see up to three successive retro-cues (with the last cued item being the relevant 
for the test), memory is better for items cued twice (sequence of cueing A-B-A) than items 
cued once (sequence C-B-A) 
33
. These findings provide a hint that focusing attention to an 
item in WM strengthens its representation in a cumulative fashion, so that when the same item 
is focused again later, further strengthening can build on the effect of previous strengthening, 
precisely as assumed in WM models assuming refreshing as a maintenance mechanism.  
Given that refreshing is only one of the possible contenders to explain cueing benefits, 
it is important to seek evidence that refreshing improves performance in WM tasks 
independently of other processes such as removal, prioritization, or protection from 
interference. 
The Present Study 
 Here, we capitalized on the three sources of evidence reviewed above to develop a 
method to directly link refreshing and WM performance. First, we provided free time for 
refreshing. Second, we instructed participants to "think of" specific WM contents; and third, 
we used (retro-) cues to guide which item was refreshed at which point in time. Unlike 
traditional retro-cues, our cues did not reliably indicate the item to be tested. This reduces the 
incentive to remove non-cued items from WM, and hence minimizes the role of removal as an 
explanation of our findings.  
Experiment 1  
 The goal of this experiment was to test whether items in visual WM that are refreshed 
more often are recalled better.  
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Materials and Methods 
Participants performed a continuous color reconstruction task 
38,39
. Figure 1 illustrates 
the sequence of events in each trial (further details can be found at the Online Supplementary 
Materials). Participants were asked to memorize a set of six colors, and to indicate the color 
of a target item by clicking on a color wheel at the end of a 2.5 s RI.  To minimize the 
contribution of verbal labeling to performance, participants were asked to repeat the sequence 
"der-die-das" aloud throughout the trial. 
We inserted a refreshing manipulation during the RI of this task: Four central arrow 
cues were presented sequentially. Participants were instructed to think of the item each arrow 
pointed to. Participants were also instructed that the cues did not reliably indicate the item to 
be tested at the end, but they were urged that thinking of the cued item was part of their main 
task. We will refer to the presentation of each (retro-)cue as a refreshing step. 
There were five possible sequences of cues. Let the letters ABCD represent four 
diferrent randomly selected memory items: The four arrows could point to four different items 
(A-B-C-D), they could point to two different items once and to a third item twice (A-B-A-C; 
A-B-C-B; A-B-C-A), or to two different items twice (A-B-A-B). Note that across two 
sucessive cues, different items were cued. Through these five sequences we manipulated the 
frequency with which items were cued as the target of refreshing: 0, 1, or 2 times. 
On average, each trial included three items that were not cued (hereafter 0-Refreshing 
items), two items that were cued once (1-Refreshing items), and one item that was cued twice 
(2-Refreshing items). In an equal proportion of trials (randomly intermixed), the target of 
recall was selected to be a 0-, 1-, or 2-Refreshing item. Given these constrains, each 0-
Refreshing items had a chance to be tested of 1/9, each 1-Refreshing items had a 1/6 chance, 
and each 2-Refreshing item had a 1/3 chance to be tested. Therefore, our cues were not totally 
unpredictive of the item to be tested, but the validity of our cues (maximium 33% for twice-
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refreshed items) was much lower than previously used in retro-cue studies (~ 67-100% 
validity 
24,40–42
).     
Participants were split into two experiments differing only regarding the selection of 
1-Refreshing targets. In Experiment 1A (n = 18), 1-Refreshing targets were selected from 
items refreshed in cue positions 1 or 2; whereas in Experiment 1B (n = 20), 1-Refreshing 
targets were selected from items refreshed in positions 3 or 4. Participants were not informed 
about these constrains. This control is critical to test whether participants were able to focus 
attention on all cued items: if attention was focused only on the last cued items, then 0- and 1-
Refreshing targets should not differ from each other in Experiment 1A; whereas in 
Experiment 1B, 1- and 2-Refreshing targets should not differ from each other. In contrast, if 
participants used all refreshing cues, and each refreshing step conferred a boost to the 
refreshed item’s accessibility, then a monotonic improvement in recall as a function of 
refreshing frequency should be observed in both Experiments 1A and 1B.  
Data analysis  
We computed the distance on the color wheel between the color reported by the 
participant and the target's true color (ranging from -180º to 180º; hereafter deviation). Our 
main dependent variable was the absolute value of the deviation which we will call recall 
error. We focused our analyses on testing the effects of two variables on recall error: (1) 
number of refreshing steps directed to the target; and (2) experiment (1A vs. 1B). We 
submitted our data to a Bayesian analysis of variance (BANOVA) 
43
, using the BayesFactor 
package 
44
 implemented in R.  
The BANOVA computes the strength of the evidence for the presence or absence of 
an effect by comparing the likelihood of the data given several linear models. Models can be 
specified including or omitting the main effects and interactions between the variables of 
interest (fixed effects), while taking into account the effects of nuisance variables (random 
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effects; e.g., participant). The BANOVA computes the likelihood of the data in light of one 
model – e.g., a Null model assuming that performance is not affected by refreshing (M0) – in 
comparison to an alternative model – e.g., a model including a main effect of refreshing 
frequency (M1). The BANOVA returns the ratio of the likelihoods of these models (M1/M0), 
which is the Bayes factor (BF). The BF should be interpreted as the multiplicative factor by 
which our ratio of prior beliefs in the two models should be updated in light of the data. For 
example, if the BFM1/M0 = 10, then the data are 10 times more likely under the model 
assuming an effect of refreshing (M1) than the model omitting it (M0), and our ratio of prior 
beliefs in M1 over M0 should be updated by a factor of 10 in favor of M1.  
Results and Discussion 
 Recall error decreased as the frequency of refreshing steps directed to the target 
increased (Figure 2a). We entered the recall error in each trial as the predicted variable in the 
BANOVA. Refreshing frequency and experiment were used as predictor variables. As shown 
in Table 1, the best BANOVA model included the main effects of refreshing and experiment, 
but no interaction. The absence of an interaction implies that the effect of experiment reflects 
differences in overall performance level across samples, but no difference in the effect of 
refreshing frequency on performance. Moreover, entering refreshing frequency as a linear 
predictor in a regression model yielded a BFLinear/Null of 1.30 × 10
99
, showing a strong linear 
trend. 
We also contrasted individual refreshing levels with each other by replacing the three-
level refreshing predictor in the BANOVA with alternative predictors in which pairs of 
refreshing levels were set to be equal (see Table 1). Pairwise comparisons between the three-
level and the alternative predictors are obtained by dividing the BF of the model using the 
three-level predictor (over the Null) by the BF of the model using the alternative predictor 
(also over the Null). None of the models using a more constrained predictor yielded a BF 
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larger than the three-level predictor, the three-level predictor being preferred by a factor of at 
least 11. Finally, we also compared recall of 2-Refreshing targets that were lastly refreshed in 
positions 3 to those lastly referred in position 4 (Figure 2b): the BF for this comparison 
favored the Null for the main effect of last refreshing position (BFNull/Last Cued = 16.7). 
Together, these findings rule out the possibility that attention was focused exclusively on the 
last cued item in the sequence, supporting instead the conclusion that participants followed 
the “think-of” instruction for all refreshing cues, and each refreshing event improved the 
accessibility of the refreshed item. 
In sum, Experiment 1 showed that recall error decreased monotonically as the number 
of refreshing steps directed to the target increased from 0 to 1 and from 1 to 2; moreover, the 
absence of an interaction with experiment shows that this effect was not influenced by where 
in the cue sequence an item was refreshed.  
Experiment 2 
What are the consequences of refreshing a subset of the items currently in WM? There 
are at least three possible scenarios: (1) refreshing one item strengthens the refreshed item 
above baseline with no change for the non-refreshed items (net benefit hypothesis); (2) the 
refreshed item is strengthened at the expense of the non-refreshed items (benefit + costs 
hypothesis); or (3) the refreshed item is maintained at the baseline level, whereas non-
refreshed items are weakened (due to decay or interference; net cost hypothesis).   
The goal of Experiment 2 was to contrast performance in our refreshing condition to a 
condition without the insertion of refreshing cues. Our reasoning was that by comparing 
performance for 0-Refreshing targets against this baseline one could reveal the fate of non-
refreshed items in WM, and hence the possible benefits and costs of refreshing. There is one 
complication in comparing performance across these conditions: It is usually assumed that 
participants spontaneously refresh items when time permits 
6,11,45
. Therefore, the absence of a 
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refreshing manipulation in the baseline does not exclude the possibility that participants are 
refreshing WM contents in an uncontrolled way. Consequently, even if refreshing only yields 
a benefit, this comparison would yield the appearance of a cost because the 0-Refreshing 
items would be refreshed less than the average item in the baseline. To circumvent this 
difficulty we compared 0-Refreshing targets to recall in a Baseline-short condition in which 
the RI was equal to the time until presentation of the first refreshing cue in our refreshing 
condition. This comparison equates the unconstrained refreshing time across conditions. If 
refreshing strengthens the refreshed items without a cost for non-refreshed items, then 0-
Refreshing targets should be recalled as well as targets in the Baseline-short condition, 
because both targets had the same opportunity for being refreshed.  
At the same time, the 0-Refreshing targets from the refreshing condition and the 
Baseline-short targets differ in RI. We have investigated the effect of RI on memory in the 
present paradigm and found that it is best described as an effect of temporal distinctiveness 
46
.  
Therefore, we took special care to equate the refreshing condition and the Baseline-short 
condition with regard to temporal distinctiveness. According to temporal distinctiveness 
models such as SIMPLE 
47
, events are discriminated in the psychological dimension of time, 
which is logarithmically compressed. Therefore, as events recede back in time, their relative 
distance from each other shrinks, and they become less distinguishable. For example, imagine 
two events A and B presented 1 s apart from each other. If recall is 1 s after A, the proximity 
of A and B on the psychological time dimension is the time passed since A over the time 
passed since B (i.e., ½ = 0.5). If recall is after 5 seconds, this ratio is 5/6 = 0.833. A higher 
ratio implies  higher proximity in psychological time (other things being equal), and hence 
higher confusability 
48
. This interference model predicts that recall gets worse when the RI is 
increased because the representation of the current memory array becomes less distinct in 
time from the representation of previous memory arrays. At the same time, recall is predicted 
12 
REFRESHING WORKING MEMORY TRACES 
 
to get better when the inter-trial interval (ITI) is increased because it increases the separation 
of the trial events in time.  
In a test of the predictions of temporal distinctiveness theories using the present visual 
WM task, Souza and Oberauer 
46
 showed that temporal distinctiveness affects memory 
performance. Moreover, performance was found to be constant across different levels of RI (1 
vs. 3 s) when the relative spacing of the trials (and hence temporal distinctiveness) was held 
constant (see also Ref. 49). Therefore, we selected the durations of our RIs and ITIs in the 
refreshing and baseline conditions to match trials in terms of temporal distinctiveness. This 
control is important to enable comparisons of performance between conditions with different 
RIs. In particular, if refreshing improves memory with no cost to non-refreshed items, we 
expect that 0-Refreshing targets (with RI = 3 s) are remembered as well as targets in the 
Baseline-short condition (with RI = 1 s) when holding temporal distinctiveness constant.      
Materials and Method 
A new sample of participants (n = 24) completed two sessions. The refreshing session 
was similar to the one implemented in Experiment 1, with three exceptions. First, 1-
Refreshing targets were selected from any cue position. Second, the pre-cue interval was 
increased to 1 s (total RI = 3 s); and third, the inter-trial interval (ITI) was 7.5 s. The baseline 
session was divided into the Baseline-short and the Baseline-long conditions. In the Baseline-
short condition, RI was 1 s (equal to the pre-cue interval in the refreshing condition) and ITI 
was 1 s. In the Baseline-long, RI was 3 s, and ITI was 7.5 s. We varied RI and ITI in sync to 
hold temporal distinctiveness of successive trials constant across all conditions. See Online 
Supplementary Materials for further details.  
Results and Discussion 
 Recall error in the Baseline-long condition tended to be smaller than in the Baseline-
short (Figure 3). However, this difference yielded a BFRI/Null of 2.9, which is weak evidence 
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against the Null hypothesis. Given that in Souza and Oberauer 
46
, this comparison yielded a 
BFRI/Null of 0.04 (indicating that the null should be favored by a factor of 25) and that the BF 
here only slightly favored the alternative hypothesis, we can assume that our control of 
temporal distinctiveness was reasonably successful. Regarding the Refreshing condition, 
increasing the number of refreshing steps yielded corresponding decreases in recall error: the 
BF of the model including refreshing as a predictor exceeded the Null model by 8.1 × 10
5
, 
and the linear regression yielded a BFLinear/Null = 6.6 × 10
82
. 
Critical to our question is the comparison of the Baseline-short condition to 0-
Refreshing targets: the BF of this model was of 0.25, indicating that the Null model should be 
preferred by a factor of 4. This implies that recall of 0-Refreshing targets was comparable to 
recall of items from the Baseline-short condition, as expected from the net benefit hypothesis. 
Experiment 3 
In the previous experiments, the frequency with which an item was refreshed was 
slightly predictive of the to-be-tested item: The probability of testing 0-, 1-, and 2-Refreshing 
items in Experiments 1 and 2 was 1/3 for each of these categories. Because on average there 
was only one 2-Refreshing item, but two 1-Refreshing items, and three 0-Refreshing items in 
each trial, the chance of the single 2-Refreshing item being tested was larger than that of any 
individual 1-Refreshing item, which was in turn larger than the chance of any individual 0-
Refreshing item. The goal of Experiment 3 was to examine whether totally non-predictive 
cues can be used to guide the pattern of refreshing. 
Materials and Method 
Participants (n = 28) completed two sessions with the Refreshing condition. Critically, 
in this experiment, the target of recall was randomly selected with equal probability among 
the items in the memory array, so that each item had a 1/6 chance of being tested. Because on 
average there were three 0-Refreshing items, two 1-Refreshing items, and one 2-Refreshing 
14 
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item per trial, the proportion of tests of the three refreshing categories differed (3/6, 2/6, and 
1/6, for the 0-, 1-, or 2-Refreshing categories, respectively). See Online Supplementary 
Materials for further details.  
Results and Discussion 
Recall error was slightly reduced by increasing refreshing frequency (see Figure 4), 
and the BANOVA yielded modest evidence in favor of the main effect of refreshing on recall 
deviation, BFRef/Null = 4.6. A Bayesian regression with refreshing frequency as a linear 
predictor yielded strong evidence for the model with a linear effect of refreshing frequency, 
BFLinear/Null = 8.4 × 10
119
.  
To compare the effect of refreshing across all of our experiments, we plotted the 
posterior distribution of the regression coefficients obtained in each experiment (see Figure 
5). Refreshing led to a smaller benefit in Experiment 3 than the preceding experiments, but 
the effect was clearly different from zero, and not unambiguously different from the 
distribution of effects obtained in the previous experiments. Together, these findings show 
that cueing can be used to motivate participants to selectively refresh the cued items in WM. 
The extent to which this instruction is effective, however, might depend on the subjective 
utility of refreshing some WM contents more often than others. 
General Discussion 
Refreshing has been proposed as a domain-general maintenance mechanism in 
theories of WM 
7,9–11
. So far, a beneficial role of refreshing in WM has never been empirically 
demonstrated. Our main goal in this study was to examine whether refreshing of individual 
items improves recall of these items from visual WM. We were successful at guiding the 
pattern of refreshing during the RI, which allowed us to demonstrate a monotonic 
improvement in recall performance as refreshing frequency increased. Next, we will discuss 
potential challenges to our findings, and draw out their implications.   
15 
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The Speed and the Power of Refreshing 
Our study showed only a modest improvement in recall performance due to refreshing: 
recall improved with each refreshing step, but even after two refreshing steps, performance 
was far from perfect. There are two reasons why this effect could be an underestimation of the 
effectiveness of refreshing. First, our cues were presented at a much slower rate (500 ms) than 
the assumed rate of refreshing (~ 50 ms/item as estimated from set-size slope functions 
50
). 
Therefore, it is possible that participants have sneaked in some refreshing of non-cued items 
during the RI (at 50 ms/item, refreshing of all items would take only 300 ms!). If participants 
had refreshed the non-cued items to some extent, that would have worked against the effects 
we predicted and observed, because it would have diluted the difference in performance 
between targets cued zero, one, or two times. That said, our finding that 0-Refreshing items 
were not remembered better than items in the Baseline-short condition (Experiment 2) speaks 
against the assumption that non-cued items have been refreshed in between refreshing the 
cued items.   
A second consideration to bear in mind is that by using cues to guide refreshing, we 
are adding a number of processes (e.g., perceiving and decoding the cue, and orienting 
attention to an item) to the total time of refreshing. Our choice of a rate of 500 ms/item was 
based on experiments showing that shorter times are less effective at producing retro-cueing 
benefits 
51,52
. A substantial part of the time needed to make use of a retro-cue, or a refreshing 
cue, might reflect the time to encode and interpret the cue. If this is the case, cue-guided 
refreshing would be much slower, and hence less efficient, than self-guided refreshing. To 
conclude, our experiments provide a demonstration that refreshing improves memory, but 
further work is needed to obtain an estimate of the effectiveness of refreshing when it is used 
spontaneously.  
16 
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The Consequences of Refreshing 
Experiment 1 suggested that the frequency with which an item is refreshed is more 
critical for yielding a focusing benefit than the order in which refreshing is directed to an item 
(from cue 1 to 4). Moreover, non-refreshed items were recalled as well as items from the 
Baseline-short condition (Experiment 2). These two findings suggest that refreshing yields 
benefits for the refreshed items without costs for non-refreshed items. This helps ruling out 
the possibility that our cueing procedure interfered with memory, particularly with memory of 
non-cued items. More critically, the absence of a cost for non-refreshed items is challenging 
for models assuming that refreshing serves to restore decayed memory traces, because these 
models predict that non-refreshed items become weaker over time 
6,11,13,45
. Specifically, if 
non-refreshed items decayed over time whereas refreshed items were protected from decay, 
we would expect that 2-Refreshing targets should be recalled as well as targets in the 
Baseline-short condition, whereas 0-Refreshing items should be recalled worse, because they 
had more time to decay.  
One might argue that we are relying on a null finding to claim that refreshing is 
beneficial. The BF favoring the null model for the comparison of 0-Refreshing targets to 
Baseline-short targets was only 4 and, hence, not very strong. Therefore, our findings cannot 
be taken as strongly ruling out the possibility of costs following refreshing (see Ref. 
40,41,53
), 
At the same time, positive, corroborating evidence for a beneficial effect of refreshing over 
and above maintaining items at their original level of strength can be drawn from comparing 
the Baseline-short condition to the recall of 2-Refreshing targets. For this comparison the BF 
= 2406 in favor of the alternative model, indicating that recall of 2-Refreshing targets was 
better than recall of items in the Baseline-short condition. From this result we can conclude 
with confidence that refreshing items during the RI improves their accessibility above 
baseline. 
17 
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The demonstration of a beneficial effect of refreshing over and above maintenance has 
an important theoretical implication: The concept of refreshing must be untied from the 
concept of decay, because refreshing does more than protecting representations from decay. 
For example, it is possible that refreshing moves items forward in psychological time (i.e., 
closer to the time of test), so that they gain in temporal distinctiveness relative to non-
refreshed items 
47
. Alternatively, the bindings between the refreshed item and its retrieval cue 
might be strengthened by focused attention, thereby facilitating retrieval 
8,33,53
. By directly 
controlling refreshing patterns as we did here, researchers have a chance of contrasting 
predictions of these accounts, and hence to find out how refreshing works. 
Refreshing and Retrieval 
In our study we disentangled refreshing from overt recall. However, it is still possible 
that refreshed items were covertly retrieved. It is difficult to rule out this possibility, but we 
believe one finding makes this explanation less plausible: Refreshing one item did not impair 
recall of non-refreshed items This contrasts with what is known from the effects of recalling 
items from WM: recalling one item reduces the accessibility of  not-recalled items 
32,34,54
. 
That said, it is possible that the beneficial effect of refreshing and the testing effect arise from 
partially overlapping processes preceding retrieval.   
Refreshing and the Retro-Cue Benefit 
Our demonstration of a refreshing benefit goes beyond previous demonstrations of a 
retro-cue benefit in three regards. First, we show a beneficial effect of focusing attention on 
an item in WM even when subsequently other items are focused, demonstrating that the effect 
of refreshing outlasts the duration for which an item is focused. Second, we show that 
multiple items can benefit from being refreshed one after another; this benefit cannot be 
explained by assuming that when one item is focused, all other items are removed from WM; 
or that only the last focused item is protected from interference from the test situation. Third, 
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we show a beneficial effect of retro-cues with a much lower predictive validity for which item 
will be tested (at best 33%) than demonstrations of the retro-cue effect (67% or more); and we 
were able to obtain evidence for a beneficial effect of refreshing even when completely non-
predictive cues were used (Experiment 3). 
Which Mnemonic Parameter is affected by Refreshing? 
 We have demonstrated that refreshing reduces the overall error in reporting the color 
of a target item. Data from the color reconstruction task can be modeled by a mixture model 
to extract information about theoretical parameters related to the maintenance of items in 
visual WM, such as the probability that the target was available to be recalled, the precision 
with which the target's feature is remembered 
55
, and also the probability of transposition 
errors (i.e., recall of non-target items) 
56
. Given the popularity of this approach, we modelled 
our data using mixture models (see Online Supplementary Materials). The mixture-model 
analysis showed that the linear improvement in performance as a function of refreshing is 
reflected in an increase probability of recalling the target, but not on the precision with which 
this item is remembered.   
Recently the mixture model has been criticized regarding how good a description it 
provides of the data, and how theoretically informative its parameters are 
57–59
. Therefore, 
given the current debate regarding how to best model responses in the color reconstruction 
task, we abstain from making any strong claims regarding how refreshing affects underlying 
memory parameters.   
Further Implications 
The manipulation of refreshing patterns can be a tool not only to test predictions from 
WM models, but also for addressing more applied questions. One such promising field relates 
to the investigation of WM deficits, which could arguably be related to the poor use of 
refreshing. For example, it has been suggested that young children and old adults do not 
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benefit from refreshing opportunities as much as young adults do 
18,53,60–62
; this being one 
potential reason for their lower performance in WM tasks. Controlling which and how often 
items are refreshed during the RI can serve to investigate to what extent WM deficits can be 
attributed to deficits in the effectiveness of refreshing.   
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Figure Captions 
Figure 1. Sequence and timing of events in Experiment 1. ITI = inter-trial interval. In every 
trial, arrow-cues were used to indicate which item participants should refresh (or, think-of) at 
which point in time. There was no interval between presentations of successive cues. Note 
that two successive cues always pointed to different items. Across the four cues, an item could 
be cued once or twice. Further procedural details can be found in the Online Supplementary 
Materials. 
Figure 2. Results of Experiments 1A and 1B. Panel (a) depicts the mean recall error as a 
function of the number of refreshing steps (# Refreshings). Panel (b) shows the mean recall 
error in reporting 2-Refreshing targets that were last refreshed in cue positions 3 and 4. Error 
bars represent 95% within-subjects confidence intervals 
63
.  
Figure 3. Mean recall error in reporting the target item in the Baseline and Refreshing 
conditions of Experiment 2. Error bars represent 95% within-subjects confidence intervals 
63
.  
Figure 4. Mean recall error in reporting the target item in Experiment 3. Error bars represent 
95% within-subjects confidence intervals 
63
.  
Figure 5. Posterior probability density of the effect of a refreshing step on recall error as 
estimated from the Bayesian regression analysis of the data of Experiments 1A, 1B, 2, and 3. 
The 95% credible intervals for the effect in each experiment are shown by the line-bars under 
each curve. The refreshing effect is negative because it reflects the extent by which recall 
error is reduced when a refreshing step is directed to an item.   
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Figure 4. Mean recall error in reporting the target item in Experiment 3. Error bars represent 
95% within-subjects confidence intervals 
63
.  
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Figure 5. Posterior probability density of the effect of a refreshing step on recall error as 
estimated from the Bayesian regression analysis of the data of Experiments 1A, 1B, 2, and 3. 
The 95% credible intervals for the effect in each experiment are shown by the line-bars under 
each curve. The refreshing effect is negative because it reflects the extent by which recall 
error is reduced when a refreshing step is directed to an item.   
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Table 1 
Results of the BANOVA with the data of Experiment 1  
Refreshing Predictor  Fixed Effects Model  
 Model ratio Ref  Exp  Ref + Exp  Ref + Exp + Ref×Exp 
Standard three-level     
[1] 0-Ref ≠ 1-Ref ≠ 2-Ref     
 M / Null  1.07 ×10
11 
1050
 
1.15 × 10
14 
0.49 × 10
12 
 Best M / M 1078
 
1.1 × 10
11 
best 239.2
 
Constrained predictors     
[2] (0-Ref = 1-Ref) ≠ 2-Ref     
 M / Null  9.2 × 10
9 
1055
 
0.99 × 10
13 
0.60 × 10
12 
 [1] / [2] 11.63 0.99 11.61 0.81 
[3] 0-Ref ≠ (1-Ref = 2-Ref)     
 M / Null  4.9 × 10
7 
1051
 
0.53 × 10
11 
0.22 × 10
10 
 [1] / [3] 2083 0.99 2169 222.7 
[4] (0-Ref = 2-Ref ) ≠ 1-Ref     
 M / Null  0.026
 
1052
 
26.8
 
0.7
 
 [1] / [4] 41 ×10
11
 0.99 4.29 × 10
12
 0.7 × 10
12
 
Note. M = model; Ref = refreshing predictor [1-4]; Exp = Experiment 1A vs. 1B. All models 
include participant as a random effect. For tests of each refreshing predictor [1-4], the first 
row presents the Bayes factor (BF) of each linear model (shown in different columns) over the 
Null model. For the three-level predictor [1], the second row shows the BF of the best model 
(highest BF in relation to the Null) over the models presented in different columns. For the 
constrained predictors [2-4], the second row shows the BF of the model using the three-level 
predictor [1] over the model using the respective constrained predictor.  
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